Abstract
Introduction
Vertical, U-tubed and natural circulation steam generator, which is a key equipment of nuclear steam supply system (NSSS), is widely used in pressurized water reactor (PWR) system of nuclear plant. As the hub of primary loop and secondary Loop, its function is to transfer the primary loop heat to the coolant of secondary loop and produce steam to drive a turbine to generate electricity.
Computation of heat transfer area in the steam generator is the basis of thermal-hydraulic design and one of the important contents for a steam generator. The main purpose is to calculate the heat exchange area, which satisfies the heat exchange load between the coolants of primary and secondary loop. A proper heat exchange area of the steam generator has an important influence on its performance and economic benefit of the whole plant. Therefore, a right calculation method, suitable calculation models, and consideration of a certain amount of plugging and appropriate fouling resistance have great significance of ensuring the performance requirements of the steam generator during the entire design life. This paper introduces a calculation method of the vertical, U-tubed and natural circulation steam generator, calculates the heat transfer area of steam generator 55/19 based on this model, and compares with the results of foreign companies. 
Calculation of Heat Transfer Area
The heat transfer equation is as follows:
where P t is the total thermal power, kW; q m,p is the coolant flow rate, kg/s; h in and h out are the coolant enthalpies of inlet and outlet, kJ/kg. Excluding blowdown energy loss, steam production calculated from the heat balance equation is showed that:
where η sg is thermal efficiency of the steam generator, 0.97 -0.99; h g and h fw are the steam enthalpy and the feed water enthalpy, kJ/kg. The calculation equation of heat transfer area is shown that:
where K is the Heat transfer coefficient, W/m 2 •K; Δt m is the logarithmic temperature difference of heat transfer, ˚C.
According to the cylinder wall heat transfer theory [2] : 
where Δt max and Δt min are the maximum temperature difference and minimum temperature difference, respectively, ˚C.
The main task of design calculation is to calculate heat transfer temperature difference, determine the thermal resistance, obtain the overall coefficient of heat transfer, and the heat transfer area.
Along the flow direction of the primary side coolant in the U-shaped tube, according to the difference between the two coolant physical conditions, the heat exchange area can be divided into three sub regions ( Figure  1) . The secondary side coolants in the Region 1 and Region 3 belong to subcooled boiling, in the Region 2 belongs to saturated nucleate boiling [3] . The area can be calculated according to the regions in the fluid, or by assuming that the cold section is ignored. That's to say, partitional and overall calculation method can be employed. The two methods are compared in this paper.
The Heat Transfer in Different Regions
The critical point of the Region 2 and Region 1, 3 is the temperature when the coolant gets to saturation temperature. According to the energy conservation law, heat transfer energy Q 1 or Q 3 is equaled to the energy of heating the feed water from sub cooled temperature to the saturation temperature.
where M fs is the feed water flow rate, kg/s; H sat is the feed water enthalpy at saturation temperature, kJ/kg; H fw is the feedwater enthalpy, kJ/kg. The heat transfer energy of Region 2 is as follows:
The Calculation of Heat Transfer in the Primary Loop
The 
The Rohsenow formula [4] :
,f 0.33 0.67
where the value of m is equal to 1; C w1 is 0.013; σ is the surface tension, Nm; C p,f is the specific heat capacity at constant pressure of saturated liquid, J/(kg•K); h fg is the latent heat of vaporization, J/kg; μ f is the dynamic viscosity of saturated liquid, Pa•s; ρ f and ρ g are densities of the saturated liquid and vapor, respectively, kg/m 3 ; Pr is Prandtl constant of the saturated liquid.
Different companies employed different formulas to calculate the heat transfer in the secondary side loop. Western countries usually use Rohsenow formula [3] . But the Westinghouse used the revised Lottes Jens formula, Framatome used Thom formula.
Thermal Resistance of the Tube Wall
The equation of tube wall thermal conductivity is:
where λ W is the thermal conductivity of the tube materials, W/m 2 •K. For Inconel-690, the coefficient of thermal conductivity varies with temperature ( Table 2) .
Fouling Factor
The fouling resistance is usually neglected as calculating the heat transfer coefficient. But a safety coefficient is considered when decides the heat transfer area. The primary loop water usually keeps highly clean, so the fouling resistance of the primary loop can be neglected. Due to the economy, the quality requirement of the secondary loop is not as strict as the primary loop. Therefore, a certain degree of deposit exists in the pipe of the secondary loop.
The steam generator fouling resistance was 528.8 × 10 −7 m 2 •K/W recommended by George [5] , and the fouling resistance of Bristol used for steam generator of nuclear power plant A is 257.94 × 10 •K/W in the second phase of Qinshan nuclear power plant [6] . The de- 
Calculation Results
The parameters of steam generator 55/19, including thermal power, heat transfer coefficient and LMTD are calculated based on the models in this paper. And the results are showed in Table 3 .
The calculated heat transfer coefficients are different when using different models. The heat transfer coefficient from the Jens model is larger than the Rohsenow model, whereas the Thom model is the smallest. For the calculated heat transfer area, the results are in an opposite order. That is to say, the calculated area based on the Thom model is the largest, whereas the Jens model is the smallest.
The area deviation between the Jens model and the design value was 10%, which meets the requirement of the tube plugging margin (10%) in normal design of steam generator. The calculation errors are 1.33% and 0.64% compared with the design value when using the Jens model. It can be seen that the area deviation between the partitional coverall calculation methods was small. So the simple overall calculation method is usually used in the engineering design, and the preheating section can be neglected.
The distribution of four resistances between the partitional and overall calculation methods displayed in Figure 2 and Figure 3 based on the Jens modes. It concludes that thermal resistance of the tube wall is the largest among the four resistances, and the percentage is 57%. The percentages of the thermal resistance inside and outside the tube are 24% and 11%, respectively. The fouling factor is the smallest, 8%. 
Conclusions
There are small area deviations between the partitional and overall calculation method. The overall calculation method which usually can be used in the engineering design neglected the preheating section. The thermal resistance of tube wall is the largest among the four resistances, then the inside and outside of the tube. The fouling resistance is the smallest.
The computation of heat transfer area is one of most important content in steam generator design. Once the heat transfer area of the steam generator is accurately calculated, the structure of the steam generator, including the tube sheet size, the U-tube height and the tube support plate shape, can be well designed.
In this paper, the heat transfer area was calculated for the steam generator 55/19. The deviation between the calculated area and the design value can be neglected. It indicates that the model used in calculation process is proper and correct. The research work is very promising for the design of steam generator with independent intellectual property rights.
